defined as either the von Neumann (the four adjacent cells to the N, S, E, and W) or the Moore neighbourhood (the four adjacent cells plus the four diagonally adjacent cells) (White and Engelen, 2000) . Together, these five components make up a traditional CA model.
The use of a regular raster grid in CA models creates areas of assumed homogeneous land use that may contain variability in reality. Therefore, a regular grid of cells cannot precisely represent irregular patches of land or cadastral units, such as those that compose urban environments. While the raster spatial structure has been said to be an acceptable generalization (Besussi et al, 1998) , it becomes less appropriate when the spatial resolution is increased. As the resolution increases, subdivisions, census tract boundaries, postal code areas, city neighbourhoods, and even individual land parcels can be identified, all with irregular size and shape. If a regular grid were to generalize across these homogeneous units of land, information would be lost or transformed depending on where the raster cell boundaries fell in relation to the actual land-use boundaries. Two images of the same area with cells slightly offset would yield different representations as a result of the modifiable aerial unit problem (Openshaw, 1984) . White and Engelen (2000) suggest that an irregular spatial framework should be used to overcome this problem.
Currently, most urban CA models represent growth occurring at the same rate for the entire study site. When a cell begins to develop, it is fully developed at the next time step. However, in reality not all land uses are developed at the same speed as others and do not begin at the same time. In Canada or the USA, for example, single-family homes may take several months to build, while an apartment building may take a year or more and new residential developments start at different times at different locations in the same city. This variability in temporal dynamics needs to be accounted for in high-resolution models where different speeds and rates of change occur at different locations in urban areas (Dragic¨evic¨et al, 2001; Liu and Andersson, 2004) .
The objective of this study is to propose a CA model of land-use change using an irregular spatial structure with high spatial and temporal resolutions. To overcome the limitations of existing raster-based and irregular CA models, the iCity model prototype has been developed and fully integrated within a common desktop geographical information systems (GIS) using data in the vector format.
2 Irregular CA Tobler (1984) proposed resolution elements (resels) as an irregular spatial structure combining aspects of the vector and raster data representations. Further, Moore (2000) builds on this structure and offers examples of different image-processing filters for use with resel data. While the literature has long suggested using irregular structures in CA modelling (Couclelis, 1985) , there have been only a few researchers implementing it in practice. Perhaps this is due to the computationally intensive operations required to search irregular neighbourhoods, the overhead associated with the vector data structure most appropriate to representing irregular shapes, or the complexity involved in defining some of its basic components such as the neighbourhood and irregular grid.
In one of the few examples of irregular CA, Flache and Hegselmann (2001) examined their robustness in modelling migration and influence dynamics. They note some implications of their model that became apparent when using an irregular spatial structure that were not identified when using a regular grid. Shi and Pang (2000) and Pang and Shi (2002) developed a Voronoi-based extension to CA to allow modelling with a vector spatial structure. In their model, Voronoi polygons are created around discrete objects (ie points, lines, polygons), and objects sharing Voronoi polygon edges were considered neighbours and could affect each other through the transition rules. Both Flache and Hegselmann (2001) and Pang and Shi (2002) use the Voronoi spatial structure of dividing space into irregular units. The resulting polygons, however, do not represent individual sections of land or other meaningful units, and in the case of Shi and Pang (2000) , the Voronoi regions actually mutate with the movement of the objects.
In an urban example O'Sullivan (2001a; 2001b; 2002) uses land parcels as an irregular grid and a graph structure generated using Delaunay triangulation (from the land parcel centroids) to model the neighbourhoods in his model of urban gentrification. This framework would be problematic if used in a model of urban growth, however, as additional units of land between the individual property parcels (eg roads, parks, railways, ponds) and more appropriate neighbourhood definitions would be required to incorporate influence at a distance rather than simple adjacency. Further, Benenson and Torrens (2004) discuss irregular neighborhood structures on a theoretical level.
Due to the complexity required in implementating such modifications to traditional CA, most urban CA models have been implemented using custom-built software White et al, 1997) . This has created its own challenges relating to the high degree of specialization and time required to develop such CA modelling tools, problems of data compatibility, and lack of advanced GIS analysis functions in the custom applications.
Method
Most CA models of urban growth and land-use change attempt to determine or predict the general patterns of land use that are likely to emerge given certain economic, social, or regulatory conditions. In contrast, this model can be used by planners and stakeholders (eg land developers, residents, business owners) to analyze and visualize how a city may develop using different neighbourhood designs at the land parcel level and under various growth rates, residential densities, and resident preferences. Land parcels at the cadastral level were chosen to represent space as it was determined that they represent the irregular nature of urban land-use areas more realistically than raster cells. As they are the smallest unit of land use, their adoption removes the problems associated with raster cells misrepresenting boundaries at a low resolution or requiring multiple cells to represent one discrete unit at a high resolution. This also avoids the computational challenge associated with multiple cells representing a single discrete unit. Along with this high spatial resolution, there is a requirement to model at a high temporal resolution to better represent the reality of rapid urban development. Therefore, a high temporal resolution is adopted to acknowledge the different length of time it takes to develop different land uses. A number of parameters can be adjusted to tailor the transition rules and neighbourhoods to a user's specific needs.
The model consists of two submodels, the global and the local (figure 1). A set of global parameters, including the modelled area's starting population and growth rate, is input into the global submodel in the form of numerical values by planners, developers, or other stakeholders. The local submodel receives the global submodels' output, a set of local influence scores representing how neighbouring land uses influence a parcel's development, and spatial data. The spatial data consist of the currently developed land parcels in addition to the proposed layout of new urban areas. Each land parcel has its development level set to either developed or undeveloped at the initial time. At later iterations, the development level may also signify a stage of development (eg second month of twelve months). The local submodel then generates an output permitting the visualization of the development stages of all the land parcels in the study area at a given point in time. Both submodels update the global parameters, which are then provided to the global submodel for the next iteration. At this prototype stage the model logic was kept relatively simple in order to fully explore and test the irregular CA and GIS-integration aspects of this research study. The model assumes that already developed land will maintain its land use over time, and therefore only undeveloped land changes state.
Global submodel
The global submodel uses the initial population of the city or region and its growth rate in order to determine the expected future population. This submodel updates a number of global parameters including the expected population in n growth stages, the number of housing units that need to begin construction at the current growth stage to house the expected population, and the city's current population. The first variable calculated is p tn , the expected population at growth stage n, defined as:
where t is the current growth stage, p t is the population of the area represented by the spatial layer at growth stage t, n is the number of growth stages it takes to develop the most common residential land use, and g is the user-input growth rate, where g b 1 represents a positive growth rate, as the model is not designed to take into acount urban recession. If residential buildings take longer than one growth stage to develop, it is assumed that developers will begin their construction in anticipation of future population increases. This maximizes the developers' profits and minimizes housing shortages. As some residential units, such as apartment buildings, may take longer than the number of growth stages required to develop the most common residential land use, there may be an unhoused population which is assumed to live in temporary rented accommodation until its housing has been fully constructed. The next value calculated is h t , the number of housing units that should begin construction at the growth stage t, defined as:
where p tn is the expected population after n growth stages as determined by equation (1), p t is the current population at growth stage t, and h tÀ1 is the number of units that began construction at the previous growth stage. At the initial growth stage h t 0, but in subsequent stages the local submodel updates the value of h t . The last variable that is calculated is p t1 , the population count for the next growth stage:
where p t is the population at growth stage t, and g is the population growth rate where g b 1. Once these three values are calculated they are used as inputs to the local submodel (figure 1).
Local submodel
The local submodel is composed of two modules (figure 1). The first module calculates an attractiveness factor for each undeveloped residential land parcel adjacent to a road while the second module develops all land-use parcels based on their transition rules, which take into account the attractiveness scores for the residential parcels. It is within these two modules that the traditional CA components of neighbourhood and transition rules are found.
Parcel attractiveness module
The parcel attractiveness module receives inputs from the land parcel spatial layer and the set of local influence scores and their parameters describing the conditions under which the scores should be assigned. The influence scores are added to the parcel's attractiveness score if the condition is met. Negative factors will have negative score values. If none of the conditions is met for each influencing land use, a score of zero is usually assigned. The attractiveness scores summarize the conditions in a residential parcel's neighbourhood and are used by the transition rules. The total attractiveness of residential parcel j, denoted as a j , is defined as
where b j , c j , l j , and q j are the scores that parcel j receives with regards to its proximity to park, commercial, light industrial, and heavy industrial land, respectively, and r j is the score received for its adjacency to existing developed or developing residential land. These are the most common land uses in North American suburban neighbourhoods that are thought to influence the development of residential land. Commercial and park lands do not use attractiveness scores but instead rely on more simple transition rules examining the conditions in their neighbourhoods directly. Table 1 presents the three developable land uses, the land uses that influence their development, and their translation rules. Each undeveloped parcel that meets the conditions set forth in the transition rules will have its development state incremented by one development stage, while already developing parcels will be automatically incremented by one development stage until they are fully developed. Each development stage represents a unit of time (eg a week, month, or year) under which development occurs. The number of development stages for complete development of a parcel varies on the basis of its land-use type. For example, parks can take two development stages, medium residential six stages, or those land-use types that need a longer time for development, such as commercial or high-density residential (eg apartments), twelve stages.
3.2.1.1 Neighbourhoods. In both the calculation of the attractiveness scores for residential land parcels and the more direct transition rules of the commercial and park parcels, the neighbourhood conditions of each parcel must be examined. While traditional CA use the Moore or von Neumann neighbourhoods, or an extended version of each, irregular CA must use alternative neighbourhood definitions to deal with the nonuniform number of neighbours for each cell and the irregular size of individual cells.
This model proposes three irregular neighbourhoods suited to land parcel proximity functions: the adjacency neighbourhood, the distance neighbourhood, and the clipped distance neighbourhood (figure 2). The adjacency neighbourhood of parcel j contains all parcels which share a point or line with parcel j and can be likened to the traditional Moore neighbourhood. The distance neighbourhood contains all parcels which are within a certain distance of parcel j's outer border. The notion within a certain distance can be defined in two ways. For a parcel to be considered within a distance of d metres of parcel j, for example, it may have to reside entirely within the d metre limit, or it may only have to be partially within the d metre limit. The clipped distance neighbourhood is similar to the distance neighbourhood except that it clips the distance neighbourhood, returning only the portion of the outer parcels which lie within the specified distance. This allows the transition rules to determine the area of each land use that lies within a specified distance from cell j. The different neighbourhoods can be used for a variety of functions. For example, the adjacency neighbourhood can determine whether or not a park is adjacent to residential land parcel j. The distance neighbourhood enables the model to determine whether or not commercial land is within distance d of residential land parcel j, and the clipped distance neighbourhood can determine the number of residents within distance d of commercial land parcel j.
Allocation module
The allocation module increments the development state of all currently developing land parcels by one growth stage and then begins developing the required number of undeveloped residential parcels in order of attractiveness. The attractiveness score represents how attractive a given residential parcel will be to a potential home buyer and it is assumed that developers will build on these land parcels first in order to maximize revenues. The residential parcels are followed by parks and commercial parcels. These three classes of land use are the most common in the suburban neighbourhoods examined. As each new residential parcel is developed, the model subtracts the number of people expected to occupy the parcel k j , from the number of people requiring housing h t [equation (2)]. The value for k j can be calculated as:
where s j is the calculated surface area of parcel j, and m is the average number of residents per unit area for that land use. When h t [equation (2)] reaches zero, signifying that sufficient housing has been developed to house the expected population, the parcel development stops for the current growth stage. If the model runs out of parcels before h t reaches zero, new roads will be constructed, attractiveness factors calculated for the land parcels adjacent to the new roads, and development will continue until sufficient housing has begun development to house the expected population. The decision of which roads to construct is a function of their Euclidean distance from the central business district (CBD) which is considered a surrogate for travel time. Roads closest to the CBD will be developed before roads further away. In this way the model operates at two scalesöthe land parcel scale and the neighbourhood or street scaleöand can therefore simulate asynchronous growth. Asynchronous growth takes place when multiple areas are under development at the same time. Since different land uses take different lengths of time to develop, it is likely that growth will occur in several places at the same time. This ability for asynchronous growth is implicitly embedded in the allocation module through the mechanisms used to construct additional roads when all parcels adjacent to developed roads have already begun development. The new roads developed may not be adjacent to the currently developing land parcels if there is an undeveloped road closer to the CBD in another part of the modelled area.
Parcels of park land, representing suburban neighbourhood parks, and green spaces, representing green pedestrian alley ways, begin development when a specified threshold of residential parcels has begun development within a specified distance. Commercial parcels, on the other hand, begin development when a specified number of people live within their neighbourhood and only if the number of commercial lots already under development does not saturate the market. Therefore, only a sustainable level of commercial land will be developed in any neighbourhood, thereby reducing the likelihood of abandoned commercial lots. The commercial parcels and the park and greenspace parcels depend on the residential population in their vicinity in order to be developed; therefore, this model is considered resident driven, as the residential population drives the growth of all the land uses. Although urban developers and planners may heavily influence decisions on what land will be developed, it is assumed that their decisions are based on the public's demands and preferences in order to maximize profits.
Results
In order to test the proposed model and to explore how GIS software can be used for high-resolution irregular CA modelling, the iCity prototype was developed as a fully integrated extension to ArcGIS 9 (ESRI Inc., Redlands, CA). A study site in the City of Saskatoon, Canada, was chosen to examine the iCity model and to generate the simulation results.
Saskatoon is located in south-central Saskatchewan on the South Saskatchewan River and is home to approximately 205 900 residents, occupying an area of 144 km 2 (City of Saskatoon, 2005) . The part of the city that was selected to test the model (figure 3) is currently exhibiting dynamic change and includes the neighbourhoods of Sutherland, Forest Grove, Silverspring, Arbor Creek, Erindale, Willowgrove, as well as the NE Development Area and the Sutherland Industrial District. This area is bounded by College Drive to the south, Circle Drive to the west, and the city limits to the north and east, and was selected due to the sharp boundary between the developed suburban land and surrounding agricultural fields. Additionally, this area once included the separate town of Sutherland and therefore has distinct commercial and industrial districts as well as new residential neighbourhoods, which allow for a greater variety of land uses.
The model was tested using vector land parcel spatial data obtained from the City of Saskatoon. These data contain zoning information for each land parcel, which were used to reclassify the parcels into the unique land-use classes of residential high density, residential medium density, residential low density, greenspace: park, greenspace: other, commercial, industrial high density, industrial low density, railways, and agricultural land. A number of recently developed neighbourhoods were selected, and the development-level states for their land parcels and roads were set to the undeveloped land-use state. The road polygons which were set to undeveloped at the initial time were split into polygons for each section of road, forming small subneighbourhoods. These subneighbourhoods were composed of a small number of streets or one complex street with all its bays, courts, crescents, and ways. This approximated the state of the area before these subneighbourhoods were developed, and provided an effective way to employ undeveloped streets and land parcels in a realistic pattern.
The iCity user interface
The iCity prototype provides an interactive graphical user interface that is accessed from within the GIS (figure 4). The global tab allows the user to easily set the global options and parameters, such as selecting the initial GIS data containing the land-use parcels, specifying the location to save the model outputs, the number of months to simulate the initial population for the area, and the area's annual or monthly growth rate. As depicted in figure 4, tabs also exist for each developable land use: residential, commercial, and parks.
The residential tab allows the user to enter the average population density of each of the three residential subclasses (low, medium, and high), as well as the influence scores and the associated distance parameters for the land uses that affect a resident's decision on where to live (described in section 3.2.1). Using the parameters and scores shown in figure 4 one can approximate the values for equation (4) under varying circumstances. For example, b j 2X5 if parcel j were adjacent to a park, b j 2 if parcel j were not adjacent to a park but between 0 and 25 map units from a park, and b j 1 if parcel j were between 25 and 100 map units from a park, but not adjacent or within 25 map units of a park. The score values can be any real number between À50 and 50. The commercial and park tabs receive the inputs required by their transition rules as presented in table 1. The iCity prototype redraws the display after each development stage to permit visualization of the development process.
Simulations
The proposed irregular CA model was tested using two scenarios to provide variability of model outcomes when the growth rate and residential preference parameters are different. These scenarios were generated with development restricted to the smallest part of the study area ( figure 3) . In order to show the asynchronous growth properties of the model, results were also obtained for the larger northeast area of Saskatoon.
In all these scenarios the average development time for a residential parcel [n in equations (1) and (2)] was chosen to be six months, a reasonable length of time to develop the wood-frame houses common in suburban neighbourhoods of western Canadian cities. One model iteration was chosen to be equal to one month, due to the typical dynamics of building construction in the study area. However, other lengths of time can be represented in the model, depending on the dynamics of different types of urban development found elsewhere. The simulations were run for as many iterations as were needed for all undeveloped land to begin developing. Parks and other greenspaces had a development time of two months, while roads were developed in one month to provide access to other land uses as needed. There were no undeveloped commercial land parcels in the study area. The initial population for the study area was set at 20 800 inhabitants and was derived from the population of its respective 2001 Census tracts. 
Growth rate ö park user scenario
The park user scenario assumes that all new residents place value on living close to parks and commercial properties, but prefer not to live directly adjacent to commercial land. Figure 5 shows the results for this scenario using growth rates of 2%, 1%, and 0.5%, while the residential land influence scores were held constant. Under this scenario the park influence score b in equation (4) is 2.5 for parcels adjacent to a park, is 2 for parcels between 0 m and 25 m from a park, is 1 for parcels between 25 m and 100 m from a park, and is 0 for parcels greater than 100 m from a park. The commercial influence score c is À0.5 for parcels adjacent to commercial land, 1 for parcels between 0 m and 100 m from commercial land, 0.5 for parcels between 100 m and 250 m from commercial land, and 0 for parcels more than 250 m from commercial land. The influence scores for light and heavy industrial land (l and q, respectively) are shown in figure 4 but did not influence the output as the study area is not near any industrial land. An adjacency score r of 1 is given to those parcels adjacent to an already developing parcel. Figure 5 depicts the model outputs for six months, twelve months, and twenty-two months for the three growth rates under this scenario. With the use of the 2% growth rate, nearly all the parcels had begun development by t 6 months, and all undeveloped parcels had started by t 8 months. In comparison, using a 0.5% growth rate, only a few parcels along two roads had begun development after six months and it was not until twenty-two months that all parcels had started to develop. The simulation using the 1% growth rate shows a situation between these two extremes. As expected, under all growth rates it can be seen that the parcels adjacent to or near to the parks begin developing before the parcels further away.
Residential preferencesö commercial user scenario
The commercial user scenario was developed to simulate growth under two conditions. First, it simulates development when residents prefer to live close to commercial amenities but not adjacent to them. Second, it simulates development when residents do not want to live adjacent to, or too close to, parks due to their negative externalities, yet still prefer to have access to them. Under this scenario the park influence score b in equation (4) is À3 for parcels adjacent to a park, is À1.5 for parcels between 0 m and 25 m from a park, is 1 for parcels between 25 m and 100 m from a park, and is 0 for parcels greater than 100 m from a park. The commercial influence score c is À0.5 for parcels adjacent to commercial land, is 3 for parcels between 0 m and 100 m from commercial land, is 2 for parcels between 100 m and 250 m from commercial land, and is 0 for parcels more than 250 m from commercial land. An adjacency score r of 1 is given to those parcels adjacent to an already developing parcel. The influence scores for light industrial l and heavy industrial q land uses remain the same as for the park user scenario (figure 4), though they have no effect on the study area due to its distance from industrial areas.
Outputs were generated under this scenario for an annual growth rate of 0.5%. Development after six, twelve, and twenty-two months is shown in figure 6 to facilitate comparison with the 0.5% growth rate simulation under the park user scenario. After six months the development in the two scenarios was relatively similar due to the restricted number of parcels adjacent to roads at the initial time, but when additional roads were built the parcels farthest from the parks began developing first.
Asynchronous development
In order to represent growth patterns more realistically, iCity is designed to model asynchronous growth in which different neighbourhoods can be at different stages of development at the same time. This is facilitated by the use of the development states showing different stages of development. Figure 7 shows the northeast area of Saskatoon under the 2% growth rate park user scenario. It differs from the 2% growth rate simulation in figure 5 as development is not restricted to the small study area.
After five months, development has started on the northern edge of the developed area; after ten months this neighbourhood continues to develop and another area has started (figure 7). At fifteen months the first area to begin developing has finished, the second area to start is still under development, and a third area, to the north of the first, starts to develop. In a larger region there could be numerous neighbourhoods developing at similar times.
Model performance
Due to the complex operations required to determine which parcels were within another parcel's neighbourhood, each iteration took a significant amount of time to run. It is somewhat misleading to state an average time for the completion of one iteration as this depends heavily on the size of the datasets and parameters used and will differ from iteration to iteration, even when using the same dataset. For the dataset used in the study, each iteration took between thirty and forty minutes. It is possible that code optimization, which was not a focus in this initial research, could reduce this time in future versions. However, when working on a GIS-integrated model, it is not possible to optimize the code running within the GIS software and this therefore limits optimization possibilities. The iCity software technical details are presented in Stevens et al (in press). 5 Discussion and conclusion This study proposes an irregular vector-based CA model, fully operational in a GIS environment, to overcome the limitations of existing CA approaches for land-use-change modelling.
The model uses polygons in the vector GIS data format that correspond to cadastral land parcels in order to overcome the problems associated with the raster representation Figure 7 . Model outputs depicting asynchronous growth in the northeast area of Saskatoon. After 5 months, a neighbourhood in the north part of the area begins development. At 10 months a second area begins developing while the first area continues to develop. At 15 months the first area has finished developing, the second area continues to develop, and a new area to the north of the first area begins development. Available in colour at http://www.envplan.com/misc/b32098/. of commonly used discrete spatial units. The adapted neighbourhood definitions, as well as the implementation of the rules, time steps, and cell states, emphasize how the basic CA elements can be incorporated into an irregular spatial structure. The iCity prototype was able to successfully represent asynchronous growth because its high temporal resolution and its development states realistically represent the stages of the urban development process.
The flexibility of iCity resides on the possibility for the user to vary the values of the influence scores for the various land uses which influence residential development. These scores can be determined by focus groups or experts and represent the value which residents attach to various land uses surrounding their homes. Therefore, iCity shows the potential for irregular CA models embedded in GIS to be used as powerful spatial decision support tools.
The iCity prototype has also demonstrated that GIS is a useful model implementation tool for irregular vector-based CA models and that, although current GIS are not capable of implementing such models with easy-to-use graphical tools, their powerful application programming interfaces and reusable software components, such as ESRI's ArcObjects, allow for the added functionality to be built. Embedded models such as iCity will enable planners, urban developers, and stakeholders to adjust easily the parameters and to run the models using a familiar GIS interface. They also allow for the user to perform additional spatial analysis on the results, to provide cartographic outputs, and the ability to combine various geospatial datasets commonly used in land-use planning.
The iCity prototype can be applied to other cities or regions with minor modifications either to the software in order to recognize city-specific land uses, or to a region's spatial data in order for it to match the land-use classes required by the model. Modification to the source code should also be made to implement more complex transition rules.
This proposed model has demonstrated the potential to aid urban planners and other stakeholders to visualize and to understand better the dynamic changes occurring in their urban environments. The outcomes of the model can be used to stimulate discussion among planners, the public of different urban subdivisions, and various stakeholders involved in land-use or urban planning. Therefore, this model can become an integral part of a collaborative spatial decision process (Balram et al, 2003) . The development of the iCity prototype has demonstrated that current GIS software can facilitate the development of such models, though it is likely that GIS-embedded models will not run as efficiently as custom-built software.
Since iCity is currently at the prototype stage, there are a number of areas which can be significantly improved in future versions. The model logic was necessarily kept simplistic in order to test fully the irregular spatial framework, but should be enhanced in future work. The use of economic factors, housing preferences, and the replacement of Euclidean distance with street network distance could all be used. Additionally, the model can be enhanced to construct automatically new urban cadastral parcels from the much larger rural parcels surrounding the city, according to user-input neighbourhood design preferences, and more research can be conducted in terms of automatically generating the road network, potentially building on previous work by Semboloni (2000) .
The calibration, sensitivity analysis, and validation procedures are important parts and necessary improvements of existing land-use models in a raster environment (Brown et al, 2005 ; Kocabas and Dragic¨evic¨, 2006; Pontius et al, 2004; Straatman et al, 2004) . The proposed irregular CA model's influence parameters can be calibrated in order to simulate current economic conditions and housing preferences by using historical land parcel data.
Appropriate values for these can be obtained from stakeholders or expert focus groups for input into the model. The growth rate can also be calibrated on the basis of current or hypothetical conditions and can be used to represent changes in economic conditions as a proxy for land demand. Once calibrated, alternative neighbourhood designs with different mixes of land uses and street layouts can be inputted in order to examine how the spatial configuration of neighbourhoods will impact the development.
